We identified 4-oxo-(E)-2-hexenal (4-OHE) as a common component of the secretion from both Dolycoris baccarum nymphs (66:5 AE 34:7 g/bug) and adults (87:4 AE 48:0 g/bug) by GC/MS. We also found that this compound inhibited the growth of bacteria starting at 10 g. The stronger antibacterial activity of 4-OHE than that of (E)-2-hexenal and (E)-2-octenal might be explained by the reactivity of ,-unsaturated aldehydes with nucleophilic molecules.
Insects have developed a variety of physical and chemical defensive strategies. Some produce noxious or toxic compounds, 1, 2) or sequester such compounds from their host plants 3) to protect themselves against predators and pathogens. Heteropteran nymphs and adults often release mixtures of defensive aliphatic compounds such as (E)-2-hexenal and (E)-2-octenal from their exocrine glands when attacked by arthropod predators [4] [5] [6] [7] or predatory vertebrates such as birds and lizards. 8, 9) Dolycoris baccarum (Heteroptera: Pentatomidae) is widely distributed in the Palearctic region, from Japan, Korea, China and India to Europe. This species feeds mainly on leguminous and asteraceous plants, including such agricultural crops as soybean, red clover, cotton, carrot, burdock and rice. 10) Individuals are often found on the evening primrose and sunflower and they prefer their immature seeds around Akita Prefectural University (our personal observation). The major secretory components of the D. baccarum adult have been identified as (E)-2-hexenal, (E)-2-octenal and tridecane, 11) but the nymphal secretions have not previously been determined. We focus here on the identity of the secretory components of D. baccarum throughout its developmental stages and their defensive roles in nature as antimicrobial agents.
Nymphs (N ¼ 6) and adults (N ¼ 5) of D. baccarum were collected from the immature seed pods of the evening primrose, Oenothera biennis (Onagraceae), and from the leaves of Komatsuna, Brassica rapa var. perviridis (Brassicaceae) from August to September of 2009 in the experimental field of Akita Prefectural University. An individual bug was extracted by dipping each in 1 mL of hexane for 5 min. The extract was immediately analyzed by GC-MS, using a Turbo Mass instrument (Perkin Elmer, Shelton, CT, USA) operated at 70 eV and a DB-5MS capillary column (Agilent Technologies, 30 m Â 0:25 mm i.d., 0.25 mm in film thickness) with helium as the carrier gas at 1.0 mL/min; the temperature was programmed to change from 50 C (3 min holding) to 290 C at 10 C/min and then held at 290 C for 5 min. Both the injector temperature and detector temperature were maintained at 250 C. To quantify each secretory component, the hexane extracts of nymphs and adults of D. baccarum were mixed with the same amount of hexane containing 20 ng/mL of 1-dodecene as an internal standard. One microliter of the mixture was analyzed by GC, using a GC-2010 instrument (Shimadzu, Kyoto, Japan) with a flame ionization detector under the same analytical conditions as those just described. The quantity of each compound per individual bug was determined by the relative ratio of the peak area to the calibration standard. The chemical analyses revealed that 4-oxo-(E)-2-hexenal (4-OHE), (E)-2-octenal and tridecane were present in both D. baccarum nymphs and adults, while (E)-2-hexenal and (E)-2-hexenyl acetate were adult-specific components ( Fig. 1 and Table 1 ). All the compounds were identified by comparing their GC retention times and mass spectra with those of authentic standards. (E)-2-Hexenal (ACROS Organics, Geel, Belgium), (E)-2-octenal (TCI, Tokyo, Japan) and tridecane (Wako, Osaka, Japan) were commercially-available products, while 4-OHE was synthesized according to Moreira and Millar. 12) (E)-2-Hexenyl acetate was prepared from (E)-2-hexen-1-ol (TCI) through DMAP-catalyzed esterification under solvent-free conditions. 13) 1 H-and 13 C-NMR spectra were acquired with a JNM-ECP400 spectrometer ( 1 H at 400 MHz and 13 C at 100 MHz; Jeol, Tokyo, Japan) in CDCl 3 , using tetramethylsilane as an internal standard.
Additionally, the metathoracic scent glands (MTGs), ventral scent glands opening above the base of the hind legs, were isolated from adult bugs (N ¼ 3) and homogenized in 1 mL of hexane to extract their contents. The chemical profile obtained from the gland-only extract was similar to that obtained from whole adult bug extract, suggesting that the identified adult compounds were derived from MTGs. The chemical compounds identified in D. baccarum are commonly found in Heteroptera, 5) and stage-specific secretory blends y To whom correspondence should be addressed. Tel: +81-18-872-1500; Fax: +81-18-872-1670; E-mail: noge@akita-pu.ac.jp Abbreviations: GC/MS, gas chromatography/mass spectrometry; 4-OHE, 4-oxo-(E)-2-hexenal Biosci. Biotechnol. Biochem., 76 (10), 1975-1978, 2012 Note have also been often observed in other heteropterans. 14, 15) All the compounds have been reported to be present in MTGs of D. baccarum collected in Turkey, 11) except for 4-OHE in the adult secretion. The discrepancy between our results and the published data might indicate a geographical variation in defensive chemistry between Turkish and Japanese populations.
4-OHE and tridecane were found in both nymphs and adults of D. baccarum, suggesting that these components could contribute to the chemical defensive system through all developmental stages of this insect. Although little is known about the function of 4-OHE compared to (E)-2-hexenal, recent studies have revealed 4-OHE to be a deterrent and toxic to insect predators, 16) but not a repellent. 17) Tridecane has been reported to be toxic and repellent against some insects, as well as enhancing the toxicity and repellency of (E)-2-hexenal, (E)-2-decenal and 4-oxo-(E)-2-decenal which are commonly present in heteropteran secretions 6) (Eliyahu et al., unpublished).
Four bacterial species were collected from the environment, including species collected on the D. baccarum host plant, to examine the antibacterial activities of the D. baccarum secretory components. Pseudomonas sp. APU3a was isolated as a culturable colony on a plate of 10% tryptic soy broth containing 1.2% agar (10% TSA) that was collected from a leaf surface of B. rapa var. perviridis in the experimental field at Akita Prefectural University on October 7, 2009. Spirosoma sp. APU1a and Methylophilus sp. APU211a were isolated from a water stain on a sink at Akita Prefectural University on August 31, 2009. A batch of the water stain was incubated on a 10% TSA plate at 37 C, and then each culturable colony was collected as an isolated bacterium. Micrococcus luteus APU4a was isolated on August 31, 2009 as a culturable colony on 10% TSA that was collected from the surface of a human finger. The identification of the bacterial species was based on the sequence of the 16S rRNA coding region determined by the universal primers, 27f, 530f, f3L, 907R, 519r, and 1492R. 18, 19) PCR was performed in a 20 mL volume containing 10 mL of EconoTaq Ò PLUS GREEN 2Â Master Mix (Lucigen Ò Corp., Middleton, WI, USA), 1 mM of the 27f and 1492R primers, and 1 mL of total DNA or a small batch of the bacterial culture used directly as template DNA. Total DNA of the bacteria was extracted by using a DNeasy Ò Plant Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. The PCR amplification was carried out under the following conditions: an initial step of 2 min at 94 C, and then 30 cycles with denaturation at 94 C for 30 s, annealing at 52 C for 30 s and extension at 72 C for 30 s. The products were extended for 5 min at 72 C after the final cycle. The DNA sequence of the PCR products purified with a QIAquick Ò PCR purification kit (Qiagen) was analyzed at the Biotechnology Institute of Akita Prefectural University. The tested bacteria were tentatively identified as Pseudomonas sp. APU3a, Spirosoma sp. APU1a, Methylophilus sp. APU211a, and Mi. luteus APU4a based on their 16S rDNA sequences. The DNA sequences of Spirosoma sp. APU1a (AB539840), Methylophilus sp. APU211a (AB539841), Pseudomonas sp. APU3a (AB539842) and Mi. luteus APU4a (AB539843) have been deposited in the DDBJ/EMBL/GenBank databases. A phylogenetic analysis using the neighborjoining method carried out with the PHYLIP (ver. 3.573c) package (J. Felsenstein, University of Washington) revealed that what we identified as Spirosoma sp. APU1a was close to S. panaciterrae. Likewise, Methylophylus sp. APU211a was close to Me. freyburgensis, and Pseudomonas sp. APU3a was close to P. rhizospaerae.
The antibacterial activities of the D. baccarum secretory components against the bacteria were determined by the paper disk method. (E)-2-Hexenal, 4-OHE, (E)-2-hexenyl acetate, (E)-2-hexen-1-ol and (E)-2-octenal were each dissolved in acetone, and 40 mL of each test solution was then loaded on to the paper disk (8 mm ID). The paper disk was placed at the center of a 10% TSAagar plate (90 mm ID) containing the test bacteria. The plate was incubated at 37 C for 24 h, and then the ID (mm) of the inhibitory area was measured as growth inhibition. (E)-2-Hexen-1-ol, a hydrolyzed product of (E)-2-hexenyl acetate, was used to compare the antibacterial activity of the functional groups. Three ,-unsaturated aldehydes, (E)-2-hexenal, (E)-2-octenal and 4-OHE, each showed concentration-dependent antibacterial activities against all of the tested bacteria, including both Gram-positive (Mi. luteus APU4a) and Gram-negative bacterial species (Methylophilus sp. APU211a, Pseudomonas sp. APU3a and Spirosoma sp. APU1a) (Fig. 2) . In contrast, (E)-2-hexenyl acetate, (E)-2-hexen-1-ol and acetone (the control treatment) did not inhibit the growth of any bacteria (data not shown). Our results thus suggest that the ,-unsaturated aldehyde moiety was required to show antibacterial activity. 4-OHE showed antibacterial activity against all the tested bacteria, starting at 10 mg. Since both nymphal and adult bugs had a higher amount of 4-OHE than 10 mg (>22.1 mg/nymph; >17.9 mg/adult), this compound potentially contributed to the bug's chemical defense in nature. The amount of (E)-2-hexenal in the adult secretion (>100.8 mg/adult) was also sufficient to show antibacterial activity against three bacterial species, Mi. luteus APU4a, Methylophilus sp. APU211a and Spirosoma sp. APU1a. This concurs with reports that (E)-2-hexenal derived from plants 20) had a broad spectrum of antimicrobial activity against not only such bacteria as Escherichia coli, 21, 22) Helicobacter pyloli,
23)
Salmonela enteritidis and Staphylococcus aureus, 21) but also against such fungi as Aspergillus flavus 24) and Tricophyton mentagrophytes. 25) However, the growth of Pseudomonas sp. APU3a collected from the host plant was not sufficiently inhibited by the amount of (E)-2-hexenal found in D. baccuram. Since both (E)-2-hexenal and (E)-2-hexenyl acetate were specific to D. baccuram adults (Table 1) , it is possible that these compounds could play roles in adult-specific behavior such as mating and aggregation, rather than defense. (E)-2-Octenal also inhibited the growth of the tested bacteria, and it has previously been reported to inhibit the growth of H. pyloli 23) and the fungus, T. mentagrophytes. 25) These results suggest that this compound might also be a potent antibacterial substance. However, the amount of (E)-2-octenal may be insufficient to show antibacterial activity in this pentatomid's natural habitat. The antibacterial activity of (E)-2-octenal required a higher amount (>100 mg) than that found in the bug's secretion against the tested bacteria.
Such ,-unsaturated aldehydes as (E)-2-hexenal and (E)-2-octenal are thought to show antimicrobial activities by reacting with nucleophilic groups, the amino group and/or thiol group, of biologically functional molecules such as enzymes. 22, 26) 4-OHE showed much higher antibacterial activity than (E)-2-hexenal and (E)-2-octenal. This could be explained by the difference in reactivity of conjugated aldehydes as an electrophile. A computational chemical analysis using the MOPAC97 program in WinMOPAC (ver. 2.0) (J.J.P. Stewart and Fujitsu Ltd., Tokyo, Japan) indicated 4-OHE to be more reactive as an electrophile with nucleophiles than (E)-2-hexenal or (E)-2-octenal when their target molecules were the same. The lowest unoccupied molecular orbital (LUMO) energy level of 4-OHE was calculated at À0.9587 eV by MOPAC, a value that is lower than that of (E)-2-alkenals [À0.0898 for (E)-2-hexenal and À0.0929 for (E)-2-octenal]. Further study will be needed to identify the target molecules of 4-OHE, but it seems that the reaction with 4-OHE of such nucleophilic biological substances as enzymes, free amino acids, and glutathione could negatively affect the growth of bacteria. 
